Introduction
Cirrhosis is the end stage of liver disease and is one of the most common causes of morbidity and mortality worldwide (1) . Cirrhosis results in a nodular transformation of the liver after several years to decades of inflammation and fibrosis, and, clinically, it has a compensated and a decompensated stage. The disease has an estimated 26.4% mortality per 2-year interval in the US alone and is the 12th leading cause of death (1) . Several etiologies, with the most prevalent being viral hepatitis, alcoholic liver disease (ALD), and nonalcoholic fatty liver disease/nonalcoholic steatohepatitis (NAFLD/NASH), can cause cirrhosis. NAFLD is a spectrum of liver disease associated with metabolic syndrome and obesity that consists of simple fatty infiltration (steatosis), inflammation with steatosis (steatohepatitis or NASH), and varying degrees of fibrosis that ultimately lead to cirrhosis. Currently, viral hepatitis (hepatitis C and B) is the leading cause of cirrhosis worldwide; however, NAFLD/NASH is on track to become the most common etiology of chronic liver disease, especially in those with diabetes (2, 3) . There is a strong link between the gut microbiota and cirrhosis outcomes, a relationship that needs to be further explored (4) (5) (6) (7) . Similar to the effect of gut microbiota on cirrhosis, emerging evidence also suggests that there is a possible link between a dysbiotic oral microenvironment and liver diseases. Therefore, it is important to understand the pathogenesis of cirrhosis and the underlying biological factors that can modulate disease outcomes to develop better preventive and treatment strategies. The aim of this review article is to highlight the role of gut microbiome and inflammation in the pathophysiology of cirrhosis and to introduce the oral-gut-liver axis as a new perspective to consider in future research.
Gut microbiota and dysbiosis
The human gut microbiome contains a complex gene pool that arises from the over 1 × 10 10 microbes that reside in the human intestine (8) . The microbiota is broadly classified by 5 major phyla, namely Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, and Verrucomicrobia. Dysbiosis is a term for a microbial imbalance or maladaptation on or inside the body (9) and has been described in patients with cirrhosis. Autochthonous, potentially beneficial taxa -largely comprising members of Firmicutes -are overrepresented in the microbiome of healthy individuals and can serve as biomarkers of a healthy functioning microbiota (10) . Taxa within the Firmicutes help digest complex carbohydrates, ferment simple sugars, Cirrhosis is a prevalent cause of morbidity and mortality, especially for those at an advanced decompensated stage. Cirrhosis development and progression involves several important interorgan communications, and recently, the gut microbiome has been implicated in pathophysiology of the disease. Dysbiosis, defined as a pathological change in the microbiome, has a variable effect on the compensated versus decompensated stage of cirrhosis. Adverse microbial changes, both in composition and function, can act at several levels within the gut (stool and mucosal) and have also been described in the blood and oral cavity. While dysbiosis in the oral cavity could be a source of systemic inflammation, current cirrhosis treatment modalities are targeted toward the gut-liver axis and do not address the oral microbiome. As interventions designed to modulate oral dysbiosis may delay progression of cirrhosis, a better understanding of this process is of the utmost importance. The concept of oral microbiota dysbiosis in cirrhosis is relatively new; therefore, this review will highlight the emerging role of the oral-gut-liver axis and introduce perspectives for future research.
and, in the process, synthesize short chain fatty acids -including butyrate, propionate, and acetate -that are nutritive to colonocytes. The autochthonous taxa also play a key role in bile acid (BA) homeostasis (11) , and alterations in these taxa are associated with mucosal immunological impairment (12) , which can encourage the progression of disease processes, including cirrhosis.
Cirrhosis pathophysiology, including gut microbial dysbiosis
Irrespective of etiology, there are certain common underlying pathways that drive the progression of inflammation in the liver toward fibrosis and subsequent cirrhosis (Figure 1 ). Upregulation of inflammation and inflammatory mediator-related changes to the liver is postulated to be the primary driver of liver disease. For all cirrhosis etiologies, disease-specific mediators stimulate hepatocytes, hepatic stellate cells (HSCs), Kupffer cells, cholangiocytes, and hepatic T cells to release inflammatory molecules, such as TNF, TGF-β1, and IL-6. These inflammatory mediators activate HSCs to form myofibroblasts that produce collagen, leading to fibrosis and cirrhotic transformation over time (13, 14) . In addition to liver inflammation and injury, cirrhosis progression is also associated with an impaired intestinal barrier, systemic inflammation, altered BA profile, and gut dysbiosis.
Intestinal barrier dysfunction. The intestinal barrier has several layers of defense, consisting of the mucus layer, tight-junction proteins, physical integrity, and immune surveillance. Studies have demonstrated the complicity of an impaired intestinal barrier in human and animal cirrhosis models, and colonic inflammation has shown to contribute to the increased intestinal permeability in NASH cirrhosis (15) (16) (17) . In alcoholic cirrhosis, duodenal and jejunal injury has been documented along with increased intercellular space in tight junctions in the distal duodenum (18, 19) . Other impairment of intestinal defense mechanisms, such as reduced secretory IgA (20) and generalized reductions in immunity (21) , could further weaken the intestinal barrier, resulting in translocation of bacteria and their products. Bacterial products -such as endotoxins, peptidoglycans, and microbial DNA, referred to as pathogen-associated molecular patterns (PAMPs) -gain access to the intestinal immune system due to an increased intestinal permeability. PAMPs interact with innate sensors, including TLRs on the surface of intestinal cells and intracellular NLRs, thereby triggering an inflammatory response characterized by increased generation of cytokines such as IL-1, IL-6, IL-8, and TNF (22, 23) . Additionally, bacteria and bacterial products travel to the liver via the portal vein and interact with innate sensors (TLRs and NLRs) of the hepatocytes and Kupffer cells, resulting in further production of inflammatory mediators and cirrhosis (24, 25) .
Systemic inflammation. Cirrhosis reflects a state of heightened systemic inflammation (26, 27) that is potentially instigated by the underlying cirrhosis etiology and endotoxemia, as well as superadded sepsis and other infections. In murine models of induced fibrosis, increased bacterial translocation and inflammation have been shown to correlate with gut dysbiosis, supporting gut microbes as a source of inflammatory mediators (28) . Additionally, human studies have also implicated gut dysbiosis in cirrhotic liver disease (4); however, the oral mucosa could also serve as another source of inflammation, as discussed below.
BA dysregulation. BAs are secreted by the liver and exist in two forms, primary BAs (cholic acid [CA] and chenodeoxycholic acid [CDCA] ) and secondary BAs (lithocholic [LCA] and deoxycholic acid [DCA]), which are derived from primary BAs in the colon by the colonic microbiome. The physiological role of BAs is to help in digestion of fats, but they are also essential for intestinal homeostasis via their protective effect on the gut microbiome and intestinal epithelial cells (29) (30) (31) . There is an imbalance of BA synthesis and excretion in cirrhosis, with reduced levels of secondary BAs due to decreased colonic conversion (32, 33) . There is evidence that the Firmicutes, particularly those within the Clostridiales cluster, are responsible for the conversion of primary to secondary BAs in the colon (33) (34) (35) . It is also possible that reduced BA secretion allows migration of oral microbiota downward to the distal gut, thereby potentiating small intestinal bacterial overgrowth. Over the last decade, evaluation of the BA receptor farnesoid X receptor (FXR) has changed our understanding of BA physiology. BAs are natural FXR ligands in the distal ileum, and BA engagement of FXR promotes BA excretion and -more importantly -can induce antimicrobial peptides (35, 36) . FXR regulates hepatic 7α hydroxylase, a critical enzyme for BA synthesis (37) . Given the ability to control BA metabolism, FXR ligands are now being targeted to treat NASH (38) and have been approved to treat primary biliary cholangitis (39) . Animal studies have also pointed toward FXR agonism as a potential strategy to prevent intestinal barrier dysfunction, hepatic inflammation, and fibrosis (40-43). These findings suggest a broader role for BAs in the progression of cirrhosis through modulation of the gut-liver axis, although human studies are needed.
Gut dysbiosis.
Multiple studies in animal models of NAFLD and ALD have shown a clear association between disease and dysbiosis (44, 45) . Additionally, there is evidence that the microbiome influences progression of NAFLD, ALD, and viral hepatitis to end-stage liver disease in humans (46, 47) , highlighting dysbiosis as a possible common denominator in these diseases. Dysbiosis has been documented in stool, sigmoid colonic mucosa, small intestinal mucosa, ascites, liver, serum, and saliva from cirrhotic patients (4, 5, 7, 12, (48) (49) (50) , pointing toward a global mucosal immune change in cirrhosis that permits widespread change in the microbiota. In one of the first studies to look at the gut microbiome using current culture-independent techniques, Chen et al. demonstrated that fecal microbiota from cirrhosis patients exhibits a relative reduction in Bacteroidetes, an increase in Proteobacteria and Fusobacteria, but change in Firmicutes compared with microbiome from healthy individuals (5). Additionally, there were differences at the family level, with Streptococcaceae and Veillonellaceae. Streptococcaceae positively correlated with cirrhosis severity, while Lachnospiraceae negatively correlated with disease. Another research group demonstrated differences in microbiota composition in a larger population of cirrhosis patients and showed that these alterations correlated with cognitive dysfunction and outcome (4, 51) . Moreover, the authors of these studies presented a potentially new simplified calculation, the cirrhosis dysbiosis ratio (CDR), to interpret dysbiosis in cirrhosis. The CDR was defined as the ratio of autochthonous taxa to potentially pathogenic taxa at the family level and could predict inpatient and outpatient outcomes, with worse scores indicative of more advanced stages of cirrhosis.
In decompensated cirrhosis, the quintessential infection is spontaneous bacterial peritonitis (SBP), which is defined as infection of the ascites fluid without a physical break in the intestinal lining (52) and is usually caused by members of the Enterobacteriaceae. Not surprisingly, a high relative abundance of Enterobacteriaceae has been noted in patients with SBP compared with other microbiota that are increased cirrhotic patients (4, 53) . Hepatic encephalopathy (HE) is another widespread complication that represents an altered gut-liver-brain axis in cirrhosis and affects several brain cell types, including astrocytes, microglia, and neurons (54, 55). The microbiome in cirrhotic patients with HE has been noted to have reduced autochthonous bacteria and, more significantly, increased gram-negative bacterial taxa. In HE, it is hypoth- Figure 1 . Proposed relationship between the gut, liver, and the oral cavity. Inflammation in the oral cavity, liver, and the gut can lead to systemic inflammation, thereby inducing endotoxemia as the result of an increase in the relative abundance of potentially pathogenic microbiota in the gut and oral cavity, along with impaired mucosal and systemic immune response and a dampened ability of the liver to handle these insults. Alterations in bile acid profile, gastric acid suppression and potential neuro-hormonal changes that are inherent in cirrhosis also conspire to generate this systemic proinflammatory milieu. SIBO, small intestinal bacterial overgrowth. Illustrated by Rachel Davidowitz.
esized that gut bacterial production of ammonia and inflammatory cytokines affect different parts of the brain. MRI has shown that astrocytic impairment associates with elevated serum ammonia levels, while white matter changes are associated with inflammation (56) . Autochthonous taxa and Enterobacteriaceae were linked with ammonia-associated brain MRI changes, while oral taxa such as Porphyromonadaceae were associated with white matter changes (56) .
It is assumed that most constituents of the microbiota are bacteria, but emerging evidence suggests the presence of fungi, archaea, and viruses, especially bacteriophages (57) . In patients with cirrhosis, a recent study linked fungal diversity to bacterial diversity and suggested that fungi can impact hospitalizations in conjunction with bacterial indices (58) . Fungi in cirrhosis are affected differentially with antibiotics and proton pump inhibitors (PPIs). Further studies are needed to define the constituents of the entire microbiome in liver disease.
Changes in gut microbiota have also been linked with 90-day hospitalizations, organ failure, and death in in-patients with cirrhosis; these effects underline the additive impact of microbiota changes in clinically relevant outcomes (4, 6, 49 ). An interesting aspect of liver disease-associated microbiota changes is the effect of liver transplant on the recipient's microbiota. The liver transplant is not a perfect model, because posttransplant patients are on antiviral, antibiotic, and immunosuppressive therapies; however, these patients still provide useful information on the impact that replacement of a diseased liver with a healthy liver has on the microbiota. Longitudinal evaluation of patients with liver transplant showed a significant improvement in gut microbiota diversity over time, but the restoration of microbial diversity did not reach the levels observed in age-matched healthy controls (59) . Interestingly, changes in Proteobacteria and Firmicutes were related to the level of cognitive improvement after transplant. The evidence above demonstrates that cirrhosis is associated with gut dysbiosis (Table 1) ; however, other sources of inflammation related to microbiota in cirrhosis may also be relevant in the overall prognostication.
The emerging oral-gut-liver axis
Oral mucosa. The oral cavity includes lips, tongue, teeth, periodontium, hard and soft palate, floor of the mouth, and buccal mucosa. The oral mucosa is the mucous membrane lining the inside of the oral cavity and consists of a stratified squamous epithelium termed oral epithelium and an underlying connective tissue termed lamina propria. Depending on the location, oral epithelium can be either keratinized or nonkeratinized. Similar to all forms of connective tissue proper, the lamina propria consists of papillary and dense layers with varying amounts of collagen (type I and III), elastin fibers, blood vessels, and nerve tissue.
The oral mucosa serves as a gateway between the environment and the body and is the first line of defense against microbes and their products. Similar to the gut microbiota, the oral microbiota can be either beneficial or potentially pathogenic and is kept in balance by the natural defense mechanisms of the oral cavity (60) . For example, cell shedding from the epithelial surface layers and salivary secretions can limit excessive bacterial colonization. Salivary immunoglobulins such as IgA, IgG, and IgM -as well as salivary agglutinins, histatins, and lysozyme -all form part of the host defense to bacterial insult (61) . The oral microbiome is a complex ecosystem with over 700 bacterial species as well as various viruses and fungi. This complex microbiome colonizes teeth surfaces and all mucosal surfaces, and it exists in a surface-attached community encased in a biofilm called dental plaque (62, 63) . Like gut microbiota, oral microbiota can be either aerobic or anaerobic with genera, such as Fusobacterium, Veillonella, and Streptococci, predominating. While most of the gut microbiota is extracellular, several oral pathogens such as Porphyromonas gingivalis (a key stone periodontal bacterium) can be intracellular and more pathogenic. Oral pathogens can be beneficial, exacerbate disease processes (64), or be modulated for beneficial purposes (65) .
The periodontium is the specialized tissues that surround and support the teeth and comprises four principal components: gingiva, periodontal ligament, cementum, and alveolar bone proper. The gingiva has tissues that exploit an elaborate immune system to protect the host against microbial insult and external stress (66) . Specifically, the gingiva consists of an epithelium with a basement membrane and a connective tissue (lamina propria) that includes a dense network of collagen fibers, blood and lymphatic vessels, nerves, and immune and inflammatory cells. Polymorphonuclear leukocytes (PMNs) within the gingival crevice (the space around the teeth) are the first line of defense against bacteria. Gingival keratinocytes, the main cell type in the gingival epithelial tissues, and the connective tissue macrophages, plasma cells, and T and B cells express a variety of inflammatory and immune mediators, including cytokines, chemokines, and matrix metalloproteinases (MMPs), which together orchestrate innate and adaptive immunity. Collectively, cellular and molecular components of the peri- First study of stool microbiome in cirrhotics with and without OHE that looked at correlation-network analysis between microbiome, endotoxemia and cognition. HE associated with reduced abundance of Lachnospiraceae and ruminococcaceae and increased Enterobacteriaceae. Increased inflammation and endotoxemia noted in HE groups. Significant correlations between microbiome, cognition, and endotoxemia.
No changes to microbiome in HE while patients are on lactulose or combination lactulose and rifaximin.
Mutlu et al., 2012 (48) Healthy controls vs. alcohol cirrhosis.
Study of sigmoidal mucosa microbiome that showed lower median abundance of bacteroidetes (Bacterioidaceae) and increased median abundance of proteobacteria in alcoholic cirrhotics.
Controls vs. all etiology OHE and no-OHE cirrhosis.
First major study to compare changes in sigmoid mucosal microbiome in all etiology with stool microbiota in cirrhotics with and without OHE. Mucosal microbiota analysis revealed increased enterococcus and Veillonella abundance in OHE. Roseburia was reduced in OHE and, along with other autochthonous microbes, correlated positively with cognition and reduced inflammation in all groups.
Enterococcus and Veillonella associated with poor cognition and inflammation. Controls vs. all etiology cirrhosis followed over time.
Major study that cataloged human microbiome genes in cirrhotic stool samples. Increased Veillonella, Streptococcus, Clostridium, and Prevotella, with reduced bacteroides in cirrhosis.
Bajaj et al., 2015 (6)
Controls vs. all etiology cirrhosis with and without DM (insulin-and noninsulindependent).
Major study that compared stool and sigmoid mucosa microbiota in cirrhotics with and without DM. The study showed no change to in decompensated diabetic cirrhotics. Increased Enterococcaceae-relative abundance, reduced Bacteroidaceae, and increased Lactobacillaceae and Enterococcaceae were noted in compensated diabetic cirrhotics at the end of the study period.
Chen et al., 2015 (49)
Controls vs. all etiology cirrhosis with ACLF.
Study evaluated stool microbiome of cirrhotics with ACLF. ACLF was associated with increased relative abundance of Pasteurellaceae, Streptococcaceae, and Enterococcaceae with decreased Bacterioidaceae, Lachnospiraceae, and Ruminococcaceae. OHE was associated with reduced Lachnospiraceae. On networkcorrelation analysis, strong linkage of Lachnospiraceae and Ruminococcacea with inflammation was noted.
Bajaj et al., 2015 (7)
Controls vs. all etiology cirrhosis with and without OHE.
First major study that to explored stool and salivary microbiota in detail in all etiology cirrhotics and further explored the changes with decompensation. Significantly increased Enterobacteriaceae and Enterococcaceae, with reduced Lachnospiraceae, Ruminococcacea, and Clostridiales Incertae Sedis XIV noted in the saliva from compensated cirrhotics. Similar microbiota was noted to be prominent in cirrhotics with prior OHE. Streptococcaceae in the saliva was significantly higher in the stool for both groups.
Ahluwalia et al., 2016 (56)
Study looked at stool microbiota of cirrhotics with OHE. OHE patients had higher relative abundance of autochthonous bacteria with higher abundance of Enterococcaceae, Staphylococcaceae, Porphyromonadaceae, and Lactobacillaceae. MR spectroscopy showed autochthonous taxa correlated negatively and Enterobacteriaceae correlated positively with disease.
CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; DM, diabetes mellitus; OHE, overt hepatic encephalopathy; ACLF, acute on chronic liver failure; PPI, proton pump inhibitor; BA, bile acid.
odontium provide defense for the gingival crevice and the underlying tissues. Despite the continuous presence of a heavy microbial load, the oral mucosa maintains a balanced tissue homeostasis and displays minimal inflammation in healthy individuals. Failure to control inflammation or coordinate timely termination can lead to chronic conditions such as periodontal disease (66) . Oral mucosal dysfunction, dysbiosis, and periodontal disease. Periodontal disease is one of the most prevalent oral diseases, affecting almost half of the population (67) . In its most basic classification, periodontal disease can be categorized as either gingivitis or periodontitis. Gingivitis defines the inflammation of gingival tissues without alveolar bone loss, whereas periodontitis is accompanied by destruction of alveolar bone. Development of periodontitis is mainly driven by the dysbiotic microbiota engaging multiple innate sensors and activating downstream inflammatory signaling cascades, and by the inability of the host to restrain inflammation due to environmental, genetic, and/or epigenetic factors, all of which in turn promote dysbiosis (68) (69) (70) . The proposed mechanisms linking periodontal disease and systemic conditions include shared risk factors, direct effects of oral bacteria, and continuous exposure to inflammatory mediators. Besides local tissue effects, periodontitis is also associated with increased risk of several systemic conditions, such as diabetes, cardiovascular and respiratory diseases, pregnancy complications, cancer, and possibly liver diseases (71) (72) (73) (74) (75) . Therefore, the tightly regulated interaction between the oral microbiota and the host immune system within the oral mucosa is key for maintaining tissue homeostasis and preventing adverse clinical outcomes.
The emerging oral-gut axis and liver disease. It is routine clinical practice to treat periodontitis prior to liver transplant in order to eliminate all potential infectious foci and reduce the risk of postsurgical complications (76) . In addition to potentially affecting transplant outcomes, periodontitis is associated clinically with liver diseases such as precirrhotic NAFLD, cirrhosis, and hepatocellular carcinoma (77) . While the studies are still limited and a link between periodontal and liver diseases is not as well established as associations between periodontitis and other systemic conditions, such as diabetes and cardiovascular disease (78) , it is likely that similar factors related to the oral microbiota and inflammation connect oral and liver disease, as well. It is possible that the link between the liver and the oral cavity could be via the gut through impaired intestinal permeability that in turn could allow direct translocation of bacteria and/or their products and inflammatory mediators from the oral cavity to the systemic circulation.
In addition to periodontitis, cirrhotic patients exhibit numerous oral issues, such as petechiae (79), candidiasis (79) , and xerostomia (79, 80) . Although studies on the interaction between cirrhosis and periodontitis are still too limited to make assumptions regarding a potential cause-and-effect relationship, a higher incidence of periodontitis (ranging from 25%-68%) has been reported in cirrhotic patients compared with healthy controls (81, 82) , an observation that warrants further investigation. In a retrospective study, Aberg and colleagues showed an association between periodontal disease and progression of chronic liver disease, suggesting that dental disease could play a role in cirrhosis (83). Yoneda et al. found that the Porphyromonas gingivalis (a keystone periodontal pathogen) infection was more common in NAFLD patients with periodontitis compared with non-NAFLD patients (84) . Additionally, Yoneda and colleagues noted that Porphyromonas gingivalis infection induced NAFLD and accelerated NAFLD progression to NASH in experimental murine models. Nagao and colleagues investigated the relationship between periodontal disease and the progression of liver fibrosis in hepatitis B-and hepatitis C-associated cirrhosis and reported higher salivary levels of the fimbrillin A genotype Porphyromonas gingivalis in patients who developed liver cirrhosis. The study concluded that periodontal disease may be associated with the progression of viral liver disease (85) . Recently, periapical lucency, a sign of periapical periodontitis, has been also associated with a higher prevalence of decompensation, such as ascites, HE, and variceal bleeding (86) . With regards to different cirrhosis etiologies, periodontitis prevalence tends to be concentrated in patients with alcoholic cirrhosis, which is frequently accompanied by poor oral hygiene (83, 87, 88) .
Qin and colleagues compared the stool microbiome in cirrhotic patients and healthy controls in a prospective study and found higher levels of Streptococcus and Veillonella species in the stool from cirrhotic individuals. Comparison of the stool species of cirrhotics with known bacterial species prevalent in the oral cavity and gut of healthy individuals demonstrated a partial similarity to oral microbes and to ileal microbes of the healthy individuals (89). Qin et al. concluded that oral microbes extend into and/or invade the gut, possibly as the result of the changes in intestinal pH and/or BA dysregulation observed in cirrhosis. This extension of oral microbes into the gut, however, could be related to an epiphenomenon allowed by impaired gastric acid and bile secretion that is prevalent in cirrhosis. Another study, involving the use of omeprazole, further supports a cirrhosis-related extension of the oral microbiota into the gut. Omeprazole is a PPI that works to reduce the secretion of digestive acids in the human stomach, thereby raising gastric pH and allowing the presence of bacteria, which normally would have been killed by the gastric acid. The study characterized stool microbiota before and after a 40 mg daily dose of omeprazole for 14 days in cirrhotic patients and healthy controls. Omeprazole therapy, possibly through increased gastric and intestinal pH, led to a significant increase in the relative abundance of Streptococcaceae in stool from all controls (1% vs. 5%) and all patients with cirrhosis (0% vs. 9%). The elevated levels of Streptococcaceae, which are typically limited to the oral microbiome, in stool after omeprazole correlated with serum gastrin levels, which increased as the result of PPI use (90) . While these results are intriguing, current evidence does not directly prove distal migration of oral bacteria to the gut in cirrhotic patients. Additionally, multiple gut dysbiosis experiments lack evidence of migration of oral microbiota in animal models of cirrhosis.
A study on the influence of the oral-gut-liver axis in cirrhosis directly compared the salivary microbiome in cirrhotic patients and healthy controls to the stool microbiome and analyzed salivary inflammation and prediction of 90-day hospitalizations (7) . Similar to stool, autochthonous taxa (Lachnospiraceae, Ruminococcaceae, Clostridiales Incertae Sedis XIV) were reduced, while Enterobacteriaceae was increased in the saliva in cirrhotic patients compared with healthy controls. Salivary dysbiosis associated with salivary inflammation and impairment of nonspecific defense mechanisms, such as histatin and lysozyme. Analysis of the predicted functionality of the oral microbiota revealed markedly higher levels of endotoxin and endotoxin-binding protein capacity in saliva from cirrhotic patients compared with saliva from healthy controls. Among the cirrhotic patients, those that were hospitalized with decompensation during the follow-up period (38%) had marked salivary dysbiosis compared with patients who were not hospitalized; therefore, the oral-gut-liver axis may be a major source of inflammatory load in cirrhotic patients ( Figure  1) . A prospective trial to evaluate the role of periodontal therapy in these cirrhotic patients is underway (NCT03030820). For a list of studies conducted investigating the oral-gut-liver axis, see Table 2 .
Therapeutic strategies targeting the microbiota in cirrhosis
Given the prominent role of the microbiome in the progression of liver disease toward cirrhosis and in complications of cirrhosis, studies have been conducted in cirrhotic patients to evaluate the effects of modulating the microbiome with probiotics and antibiotics. There is robust evidence that probiotics influence the native microbiome in noncirrhotic patients (91); however, more detailed studies are needed to determine the effects of probiotics in cirrhosis. A randomized controlled trial (RCT) showed that twice daily oral administration of Lactobacillus rhamnosus GG (LGG) for 8 weeks to patients with cirrhosis results in reduced relative abundance of Enterobacteriaceae and increased relative abundance of autochthonous Clostridiales Incertae Sedis XIV and Lachnospiraceae in the stool, indicating less dysbiosis. At the end of 8 weeks, Lactobacillus GG administration reduced endotoxins and inflammatory mediators such as TNF-α (92), providing evidence for further exploration of probiotics as a means of suppressing endotoxemia.
The effects of lactulose on the microbiome has been studied but has not been shown to have a notable effect on reversing dysbiosis (51, 93) . Similarly, the effects of the antibiotic rifaximin on the human microbiome has been examined in detail. An 8-week trial of twice-daily oral administration of 550 mg rifaximin in patients with compensated cirrhosis resulted in minor overall changes in microbiota composition, as well as measurable changes in microbiota functionality (94) . Evaluation of stool from cirrhotics with a history of HE given lactulose alone revealed minimal changes in microbial composition, while -in those on both lactulose and rifaximin -it revealed changes that were reflective of the underlying liver disease severity rather than the medications themselves (51). However, multiple studies have shown that rifaximin improves cognition and quality of life in cirrhotic patients, suggesting that rifaximin likely modulates the microbiome and reduces inflammation (95, 96) . Another therapy being considered for modulating the human microbiome is fecal microbial transplantation (FMT), a concept that has been explored in animal models. For example, Shen et al. engineered rodent gut microbiota with reduced urease activity, thereby decreasing ammonia production, and then introduced this microbiota into rodents that had been depleted of their existing gut microbiota. Compared with animals with a normal flora, animals colonized with the engineered microbiota had reduced mortality and lower fecal ammonia levels (97). Kao and colleagues (98) reported a single case in which a patient with recurrent HE underwent FMT, and this treatment resulted in stool microbiome alterations and improved cognition. In a small pilot study, 8 patients with alcoholic hepatitis underwent FMT and received stool from a donor within their family. One year after FMT, favorable changes to the microbiome were present, and -compared with alcoholic hepatitis patients receiving standard care -patients who underwent FMT had improved mortality (99) . A recently published RCT showed that, compared with the standard of care, HE patients that received FMT from a rationally selected donor had improved brain function, a remarkable reduction of both HE recurrence and all hospitalizations, and a restoration of antibiotic-associated loss of diversity (100). Moreover, FMT in patients with recurrent HE was safe overall. Another study using oral capsules for FMT is now underway in the same population (ClinicalTrials.gov, NCT03152188).
Manipulation of the gut microbiota has been shown to change oral microbiota composition. In an RCT, Krasse and colleagues found that administration of probiotics twice daily for 2 weeks significantly reduced gingivitis (101) . Matsuoka and colleagues noted a significant reduction in total plaque bacteria and Porphyromonas gingivalis after administration of Lactobacillus salivarius; however, bacterial levels returned to baseline after the treatment was stopped (102) . Similarly, Teughels and colleagues found that probiotic treatment in patients with chronic periodontitis reduced plaque score, bleeding, gingival scores, and markers of inflammation during the period of probiotic administration (65) . Gingivitis-associated inflammation was studied by Twetman and colleagues, who found that 2 weeks of oral probiotics significantly reduced the levels of IL-8 and TNF-α in the crevicular fluid during therapy; however, these changes were reversed after probiotic administration was stopped (103) . Together, these studies indicate that the oral microbiome can be modulated with probiotics in noncirrhotic patients. While there is ample evidence for modulation of the fecal microbiome with probiotics in cirrhosis, further studies are needed regarding the oral microbial milieu.
Conclusion
There is growing evidence that gut dysbiosis aids in the pathogenesis of liver cirrhosis and contributes to the overall systemic inflammatory milieu. Further studies are needed to meaningfully study the functional aspects of these microbial changes that serve as potential mediators of the microbe-host interactions. Similar to the gut microbiome, emerging evidence suggests that the oral microbiome influences changes in the liver; therefore, having a better understanding of the oral-gut-liver represents an exciting new research The study prospectively followed the subjects and found no association of periodontal/ dental disease with cirrhosis. Additionally, in alcoholic cirrhotics, dental disease was felt to be from poor hygiene. Aberg et al., 2014 (83) All etiology cirrhosis listed for liver transplantation studied retrospectively.
Patients with more dental infections had a lesser time interval to transplantation. Streptococcus viridans more frequently associated with SBP in cirrhotics who had more dental infections.
Nagao et al., 2014 (85) Controls vs. hepatitis B and -C patients with liver disease.
The study evaluated salivary occult blood, a marker of periodontal disease. Noted a higher marker of prevalence in cirrhotics vs. noncirrhotics. Data suggests P. gingivalis may be associated with the progression of liver disease from simple fibrosis to cirrhosis. Qin et al. 2014 (89) See Table 1 . Implied that salivary bacteria invade the GI tract and can injure the liver Bajaj et al. 2014 (90) See Table 1 . PPI therapy increases salivary microbiota in stool, indicating that salivary microbiota in stool are related to suppression of gastric acid and likely an epiphenomenon Bajaj et al., 2015 (53) Reanalysis of Qin et al. 2014 (89) .
17 of 66 metagenomic sequence were different between compensated and decompensated groups, including several oral origin species (Streptococcus oralis and several Veillonella spp.) Bajaj et al., 2015 (7) Controls vs. all etiology cirrhosis with and without HE studied prospectively (See Table 1 for other details of study).
The study of salivary and stool microbiota of cirrhotics along with salivary inflammatory and defensive markers. Noted dysbiosis in the salivary microbiome and increased salivary inflammatory markers in cirrhotics, along with weaker defense mechanisms.
Gronkjaer et al., 2016 (86) All etiology cirrhosis with periapical lucency (a form of periodontitis) vs. those without.
The study followed cirrhotics and examined the prevalence of periapical lucency. The researchers noted that cirrhotics with periapical lucency had significantly higher levels of inflammatory markers and, more importantly, a higher incidence of complications (46% vs. 27%).
PPI, proton pump inhibitors.
frontier. Given the ease of sampling, combined with the depth of information that can be retrieved from the oral microbiome, such studies may signal a significant shift in our approach to elucidating the role of the microbiome in liver disease (104) . The oral cavity has potential to be considered an additional factor in future discussions on the impact of microbiota on cirrhosis-associated complications.
